. . water has always been important in coastal engineering. Initially monochromatic wave theory ~a8 used exclusively, but it is now generally accepted that an irregular wave approach is preferred. The purposes of this report are to summarize recent advances in the specification of a shallow-water self-similar spectral form, to discuss the range of practical usage, and to provide engineering examples using the new formulations.
2. The first quantitative predictions of ocean waves evolved from observations of waves at a point in space and correlations between such parameters as mean wave height, significant wave height, and mean wave period. In the mid-1950's the spectral description of the sea state was forwarded. · This description allowed for more detail by distinguishing between the diffe rent frequency bands. Phillips (1958) suggested that there should be a region of the spectrum of wind-generated deepwater gravity waves in which the wave energy density has an upper bound given by the following expression: (1 ) where f 1s frequency,* g 1s gravitational acceleration, and a was as--3 sumed to be a universal constant, approximately 8 x 10 . This reg1on of the spectrum is called the equilibrium range. In scalar wave numbe r space this equilibrium range becomes
where ~ 1s a constant and k 1s the wave number equal to 2n/L when L is the wave length. The limit, defined by Equation 1 or 2, was t hought to be a * For convenience, symbols and abbreviations are listed in the Notation (Appendix A).
3 result of a limiting wave steepness at each frequency beyond which deepwater wave breaking would occur. In other words, any additional energy input in the spectrum at that frequency would result in waves breaking and a transfer of wave energy from that frequency through the mechanisms of dissipation and wave-wave interactions. This represents the equilibrium or steady-state wind sea situation in deep water, and Equation 1 describes the portion of the spectrum to the high frequency side of the single spectral peak.
3. A spectral shape for fully developed deepwater waves was advanced by Pierson and Moskowitz (1964) where f m 1s the frequency of the spectral peak. The additional exponential term provides the low frequency forward face of the spectrum and a broad, smooth peak region. Equation 3 is based on extensive field data. Estimation of f m for fully developed seas (i.e., no further wave growth could occur at that windspeed) was empirically determined in terms of 10-m-high windspeed u
Integration of Equation 3 provides the total energy E 1n the spectrum. Longuet-Higgins (1952) has shown that 4 times the variance, or 4(E) 112 , provides a close estimate of significant wave height in deep water. Thus a method exists for hindcasting and forecasting fully developed deepwater wave heights and periods.
4. One drawback to the fully developed representation was that at higher windspeeds the wind seldom held steady for the length of time necessary for fully saturated seas to develop. In other cases the fetch over which the wind acted wasn't long enough for fully developed conditions.
5 . The data from the Joint North Sea Wave Program (JONSWAP) were used by Hasselmann, et al. (1973) 
6. The effect of the new factor is to allow for narrower, more peaked spectra which are typical of growing wind seas in deep water. Correlations were used to arrive at the parametric relationships given by Equations 6-8.
Other self-similar spectral representations have been proposed for deep water (Toba 1973 and Kruseman 1976) , but the JONSWAP form is the most widely known.
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PART II: SHALLOW-WATER DEVELOPMENTS Equilibrium Range 7. Kitaigorodskii et al. (1975) examined the possibility that an equilibrium range existed also for the finite depth horizontal bottom case. They noted that while both forms of the equilibrium range given for deep water (Equations 1 and 2) are valid, only one of them could hold simultaneously for deep and shallow water. Since wave breaking occurs in both deep and shallow water, it is reasonable to believe that the similarity form must be consistent between deep and shallow water. Field observations led Kitaigorodskii et al. to conclude that the wave number expression (Equation 2) was the valid scaling for both the deepwater and the shallow-water wind wave equilibrium ranges.
This has been confirmed by other investigators (Gadzhiyev and Kratsitsky 1978, Vincent 1982) .
8. Taking the shallow-water limit of the linear wave dispersion relation, 1..e.,
where h -3 f l.S the water depth, it is seen that a -3 k · dependence is equivalent to an dependence in shallow water. Thus, in frequency notation, the slope of the high frequency transforms from an f-5 to side of -3 an f the nearly saturated wind wave spectrum during the shoaling process for the part of the spectrum that can be described by linear wave theory. where and w-2nf.
An iterative expression arises for ~(2rrf,h) The function ~ approaches the value of one ~n deep water and a value of zero as the depth decreases, as shown ~n Figure 1 . A simple approximation for ~(2nf,h) is given in Thompson and Vincent (1983) as (Bouws et al. 1985a) Depth-Limited Significant Wave Height 10. Vincent (1982) Figure 2 in which all the parameters are held constant except the depth. Figure 3 is the same presentation but plotted in wave number space, which shows the k-3 scaling from deep water to shallow water. 16. Bouws et al. (1985a) fitted the TMA spectral form to over 2,800
wind sea spectra to test its viability and to determine if any parametric relationships could be established linking the spectral parameters to the external wind field. In general the fit of the spectrum was of the same quality as the fit of the JONSWAP spectrum to deepwater wind sea spectra. Examples of the fit to field spectra are given 1n Figure 4 .
TMA parametric relationships 17 . The relationships between the TMA spectral parameters and var1ous dimensionless quantities such as dimensionless peak frequency and wave number were examined by Bouws et al. (1985a) . They determined that a and y could be expressed by the following empirical expressions for all water depths:
a -0.0078K 0 · 49 are sufficient when us1ng the TMA spectrum.
18. A certain amount of scatter was present 1n the plots from which the parametric relationships were derived. Bouws et al. (1985b) Vincent (1982) Thompson and Vincent (1985) , and provision is made for this effect in a later section of this report.
Since Equation 29 reduces to Vincent's depth-limited result in
shallow water, it might be suspected that a similar exercise could be performed for deep water. Replacing 26. This exercise has illustrated that the internal and external parameterizations for a can be applied for all water depths outside of the surf zone. The ability to recover deepwater results is particularly interesting since the parameterization of a as a function of f and windspeed was m done using data largely from shallow-and intermediate-water depths.
Wave Growth Limitation
Wave period limit 27. Vincent and Hughes (1985) examined the question of whether or not finite depth wind waves reach a fully developed state where the peak spectral frequency becomes fixed and no longer migrates toward lower frequencies, regardless of the energy input. Evidence that such a cutoff frequency may exist comes from the Lake Okeechobee and the Gulf of Mexico data used by Bretschneider (1958) 28. Vincent and Hughes (1985) proposed that the cutoff frequency where shallow-water wave growth would stop should be determined by a frequency where the shallow-water dispersion relation held plus a further shift to slightly lower frequencies due to resonant wave-wave interactions . This frequency is defined as (33) and it arises from Kitaigorodskii et al. 's (1975) observation that the 
This compar1son 1s made in Figure 5 , and it demonstrates a reasonable fit to the field data. The advantage of Equation 33 is that a value of windspeed is not a factor in determining the fully developed cutoff frequency in shallow water.
In otper words, it is assumed that once a fully developed condition exists in shallow water, the peak frequency remains fixed regardless of any
increase in windspeed.
• gT -u gh -u2 Figure 5 . Relationship between dimensionless period and depth (dashed line is Equation 34; solid line is Bretschneider's (1958) empirical fit) (Vincent and Hughes 1985) Wave height limit 30. Bretschneider (1958) also presented nondimensional significant wave height versus nondimensional depth for the shallow-water fully developed data. Vincent and Hughes (1985) were able to show that Vincent's estimate for depth- 
Non-
31. The favorable fit of the equations for fully developed wave period and wave height to the shallow-water field data of Bretschneider lend support to the TMA shallow-water self-similar spectral form and to the parameterizations made for a . However, there are still many unanswered questions involving the underlying physical processes which result in the TMA spectrum.
It must be noted that these shallow-water limitations are for full development on a flat bottom, but they do provide a useful upper limit for some engineering purposes. ; is Bretschneider's (1958) empirical fit (Vincent and Hughes 1985) PART III: SURF ZONE SPECTRA 32. In the formulation and parameterization of the TMA spectral form by Bouws et al. (1985a) the data · d exam1ne were restricted to those spectra recorded outside of the surf zone. Th ey were uncertain of the appropriateness of using linear wave theory in the surf zone to convert from wave number space to frequency space via Kitaigorodskii et al.'s (1975) ~ function. Also, outside tne surf zone the balance of forces determining spectral evolution are comprised of wind, breaking (largely at high frequencies), dissipation due to a bottom boundary layer, and transfers of energy in the spectrum. Once the surf zone is reached, major breaking occurs near the peak of the spectrum thus introducing a separate concern. Vincent examined the fit of the TMA spectral form to spectra collected well within the surf zone during the ARSLOE experiment.
(The surf zone spectra were not a part of the ARSLOE portion of the data set used to determine the TMA parameters).* Fit of TMA to Collected Spectra 33. The TMA form was fitted to the spectra only over the region up to twice the spectral peak frequency 2f m monies begin to dominate the spectrum, is made between the range of O.Sf to 2.0f , which is the principal energy m m containing region. At higher frequencies the TMA form underestimates the energy content. Vincent (198Sb) noted that the energy contained at these higher frequencies increases as the depth decreases. This increased energy represents the increasing nonlinearity of the long period wave components 1n shallow water. Vincent suggested a modifying factor for the TMA spectral form, but he lacked the necessary data to provide a generally applicable modification.
However, as a first approximation, the unmodified TMA spectrum can be used to represent surf zone spectra if the spectral parameters can be estimated. The resulting estimated significant wave height found using this approach was within 10 percent of the actual values for the cases that Vincent examined.
* Personal correspondence between Vincent and Hughes, January 1984 . f, Hz Figure 7 . Fit of TMA spectrum to s urf zone irregular wave spectrum l~ote that the logarithmic scale for energy density used in Figure 7 makes it appear that the difference in total energy between the TMA fit and the actual spectrum is greater than it truly is.)
34 . An unexpe cte d result of this work was the reasonable fit of the TMA spectral form to broad swell spectra in the surf zone obtained from b oth the field and the laborato ry . This is surprising for two reasons . First, t he broad swell is more indicative of a decaying than a grow1ng sea state for which the self-similar spectrum was proposed. Second, there is no reason to expect that me chanically generated irregular waves i n the laboratory should follow the TMA form for wind waves since the primary forcing function (the wind) is absent. This latter observation was found to b e true for both characteristic broad swell spectra outside the surf zone as well as for typi cal wind sea spectra simulated in the laboratory. Figure 8 illustrates the fitting of the TMA spectral form to laboratory data s hoaled over a 1:30 slope. .131
Frequency, hZ b . Spectrum typical of wind seas Fi t of t h e TMA spectrum to laboratory data on 1 : 30 slope (Vincent 1985b ) 21 saturation zones. As waves progress into finite depth waters, they first enter a local saturation zone in the intermediate and shallow-water depths where nonlinear wave-wave interactions shift energy away from the principal energy containing frequencies to higher frequencies where it is dissipated by deepwater breaki ng mechanisms. This is the region for which all the previous TMA formulations and parameterizations for wind waves are valid. It appears that broad swell spectra also can be fitted by the TMA form in this region, but there is no external parameterization for a in this case.
Universal saturation zone 36. Eventually, if the water depth becomes sufficiently shallow, wave breaking begins to occur at the peak of the spectrum, and dissipation dominates the spectrum . Vincent (198Sb) SPM (1984) , and values for R so can be found from the "average" line in Figure 10 , which is reproduced from Thompson and Vincent (1985) . For slopes typical of most beaches, the coefficient B ranges between 0.55 and 0.65.
These values are consistent with the value of B = 0.6 suggested by Thornton and Guza (1982) , and unless the area of concern var 1 ·es 1 great y from a "typical" beach, the value of 0.6 for B is probably sufficient for engineering pur- • ; (1958) representation of the 1· ·t· d 1m1 1ng energy ensity in the equilibrium range, researchers progressively specified a self-similar spectral shape for deep water (Pierson-Moskowitz), a fetch-limited deepwater spectrum (JONSWAP), a shallow-water equilibrium range (Kitaigorodskii et al.) , and finally a selfsimilar equilibrium spectral form valid at all water depths (TMA).
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40. The self-similar parametric TMA representation was shown to have the ability to represent wind waves and broad swell, and it appears that both the deepwater and shallow-water limits merge with previously obtained empirical results. It was seen also that the TMA form even fit very shallow surf zone spectra up to twice the peak frequency.
Physical Implications of the TMA Spectral Form 41. The fact that the self-similar TMA form can describe wind sea spectra in deep, intermediate, or shallow water reinforces the conclusion of Kitaigorodskii et al. (1975) that the basic scaling lies in k-space rather than in frequency space. Also, the linear theory dispersion relation seems adequate for converting from wave number space to frequency space via the ~ factor.
42. Both the JONSWAP and the TMA spectral forms extended the -3 k sealing for the equilibrium range across the entire spectrum. There 1s no physical explanation as to why this scaling should be valid, but years of experience using the JONSWAP form, coupled with the relative good fit of the TMA form to shallow-water spectra, indicates that the scaling does hold outside the equilibrium range.
43. Self-similarity 1n spectral form implies that there is a relative balance between the wind energy input, energy transfers within the spectrum, and energy dissipation. This balance is maintained and limited to produce a consistent spectral shape. No analyses have been made in~o the very difficult problem of the spectral balance between the various source/sink terms such as · t. ave d1·ss1·pat1·on atmospheric input, bottom nonlinear wave-wave 1nterac 1ons, w , 27 friction, percolation, etc . , for the TMA data set. However, it is tentatively concluded that the bottom friction effect in the dissipation of wave energy 1s substantially less than originally thought . This conclusion is based on the observation that the parametric relationships provide equally good spectral approximations over a wide variety of depths and bottom materials.
Thus it 1s
unlikely that bottom dissipation would be a dominant influence on spectral shape. With the establishment of the TMA shape, study into the various source/ sink terms now can be restricted to combinations which will produce a selfsimilar shape. Bottom friction for typical beaches is thought to be more important for swell than for wind seas.
44. Kitaigorodskii et al. 's (1975) equilibrium range was intended for the case of a horizontal bottom, but the parameterization and application of the TMA spectrum to data from gently sloping bottoms up to slopes of 1:100 indicate that the self-similar equilibrium form evolves rapidly enough to adequately describe the spectral transformation over gentle slopes. Steep sloped beaches might not permit the equilibrium condition to be reached; hence, the TMA spectrum could well represent an unattainable limit on a steep slope.
45. Vincent (1985b) sums up the TMA spectral form as" . . . a quantitative description of the wave transformation process with a useful parameterization scheme." He adds that while many of the principal physical processes occurr1ng in wave shoaling have been identified, a deterministic description is still in the future.
Assumptions and Limitations of the TMA Spectral Form 46. The primary underlying assumption invoked when applying the TMA spectrum and the prognostic equations is that the wind sea is at a steady state or equilibrium condition. This means that the wind has been steady long enough (as yet undefined) for the waves to reach equilibrium and that the bottom topography is a gentle slope with smoothly varying features and without complexities which might cause rapid alteration of the wave train. Until further data are examined, a slope steepness guideline of 1:100 1s suggested which arises from the limit of the TMA data set. While steeper slopes might be able to maintain the TMA equilibrium condition, the worst that can happen by using the TMA approximation on a steep slope is a conservative estimate of the maximum possible significant wave height for the given conditions. Note 28 that laboratory data on a 1:30 slope were adequately described using the TMA represen~ation.
47. The TMA spectrum as it is presently parameterized cannot be used in. fetch-or duration-limited shallow-water wave growth situations since it is a final steady state form. Fetch-or duration-limited design in shallow water needs to be conducted using numerical models (for complex regions) or wave forecasting curves such as provided in ETL 1110-2-305 (Vincent and Lockhart 1984) . Future developments will probably provide a TMA fetch-and duration-limited form paralleling the deepwater JONSWAP equations.
48. The TMA spectral form is for a single-peaked spectrum containing only minor low-frequency energy. In most instances large wave conditions will result from either a local storm or swell resulting from a nearby storm. These spectra will probably propagate toward shore as a single-peaked spectrum describable by the TMA shape. The TMA formulation does not handle multipeaked spectra which, according to Thompson (1980) , constitute over 60 percent of the coastal wave conditions in the United States. However, most of the multipeaked cases are of low energy and of minor importance for engineering design.
The TMA shape may be used to describe the individual spectral peaks. for all water depths can provide useful engineering design guidance because the equilibrium spectrum puts constraints on the expected energy levels and spectral shapes under given conditions.
While it is impossible to list every conceivable application of the TMA spectrum, the following short examples illustrate several engineering uses.
Numerical Models 52. Some of the current shallow-water wave growth and propagation numerical models can simulate wave propagation over complex bathymetry during unsteady wind conditions. These models typically contain many source/sink terms, some of which can be quite site specific. In some applications it is possible for the models to give exaggerated results because there is no effective upper limit to the wave growth. This can be corrected by constraining the numerical simulation to an upper limit of growth on the high frequency side of the spectral peak as defined by the TMA spectrum.
53. Oceanographers at CERC illustrated the usefulness of the TMA spectral form as an upper limit when they modified an existing numerical wave growth spectral model and ran several simulations, with and without the TMA prescribed limit. Generally, it was found that this particular numerical 
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The values for and are now found us1ng the expressions given 1n the SPM (1984 of water would be subjected to breaking wave conditions (i.e., surf zone conditions) caused by irregular waves with a peak period of 11 sec. Examination of over 2,800 field spectra in varying water depths and under diverse conditions resulted in a parameterization for the spectral variables in terms of depth, peak .frequency, and windspeed.
t .
The ~arameters a and y were also expressed in terms of significant wave steepness. A simple expresS10n for the energy-based significant wave height H was derived from the mo TMA spectral form making it possible to predict the depth-limited equilibrium 68. Within the surf zone the TMA spectrum can be fit rather well up to twice the peak fre~ency. Beyond that point highly nonlinear processes cause a deviation from the TMA form. A distinction was made between local and universal saturation, and a method of estimating the spectral parameters within the surf zone was presented. 69 . The success of the TMA spectrum as a simple spectral model reinforces Kitaigorodskii et al. 's (1975) 
